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Abstract The DsTau(NA65) experiment at CERN was

proposed to measure an inclusive differential cross-section

of Ds production with decay to tau lepton and tau neu-

trino in p-A interactions. The DsTau detector is based

on the nuclear emulsion technique, which provides ex-

cellent spatial resolution for detecting short-lived parti-

cles like charmed hadrons. This paper presents the first

results of the analysis of the pilot-run (2018 run) data

and reports the accuracy of the proton interaction ver-

tex reconstruction. High precision in vertex reconstruc-

tion enables detailed measurement of proton interac-

tions, even in environments with high track density. The

measured data has been compared with several Monte

Carlo event generators in terms of multiplicity and an-

gular distribution of charged particles. The multiplicity

distribution obtained in p-W interactions is tested for

KNO-G scaling and is found to be nearly consistent.

The interaction length of protons in tungsten is mea-

sured to be 93.7 ± 2.6 mm. The results presented in

this study can be used to validate event generators of

p-A interactions.

Keywords nuclear emulsion · proton interaction ·
interaction length · multiplicity · KNO-G

ae-mail: ali.murat.guler@cern.ch

1 Introduction

The DsTau experiment [1] aims to measure tau neutrino

production in p-A interactions at the CERN-SPS. The

study of tau neutrino interactions is an important probe

in constraining the models beyond the Standard Model.

For example, the lepton flavour universality of the weak

interaction can be tested in the context of neutrinos

as complementary to measurements in the LHCb [2]

and Belle II [3] experiments. An accurate knowledge

of tau neutrino flux in accelerator neutrino beams is

essential for ongoing and future neutrino experiments

like FASER [4], SND@LHC [5], SHiP [6]. In the past,

only few experiments reported tau neutrino interactions

with low statistics. The first experiment that directly

observed the tau neutrino charged-current interactions

was DONuT [7] at Fermilab in 2000. Later, tau neu-

trino interactions were also detected by the OPERA [8],

Super-K [9], and IceCube [10] experiments. However,

in these experiments, tau neutrino measurements were

affected by neutrino oscillations. The DONuT experi-

ment provided an estimate of the tau neutrino inter-

action cross-section [11], although this estimate is ac-

companied by considerable uncertainty. The systematic

inaccuracy, which arises from uncertainties in the tau

neutrino production mechanism and is approximately
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50% relative to the cross-section value. Furthermore,

the statistical error accounts for about 33%, as only

nine ντ events were detected. DsTau aims to reduce

the systematic uncertainty in the tau neutrino produc-

tion down to 10% level by detecting about 103 Ds → τ

decays in 2 × 108 proton interactions in the tungsten

or molybdenum target. Moreover, the charmed hadron

pair production in p-A interactions can also be studied

with large statistics.

In DsTau, the data analysis is characterized by a

very high track density and pile-up of events and is

performed in several steps. The first step is track recog-

nition and primary proton vertex reconstruction. The

second one is to search for charm particles by their de-

cay topology. In this paper, we present the first results

related to the primary proton interaction analysis based

on the 2018 run data sub-sample. The data quality in

terms of accuracy and statistics would allow us to per-

form the analysis of the primary proton interactions

which provides a measurement of the multiplicity and

angular distribution of charged secondary particles in

different target materials. Those features are compared

with several widely used Monte Carlo (MC) generators.

Our results can therefore be used to tune the interac-

tion models implemented in the generators.

2 Experimental setup and data taking

Observing the decay topology of Ds into τ requires sub-

micron spatial resolution and sub-mrad three-dimensional

angular resolution. Among the available detector tech-

nologies, only nuclear emulsion [12] can provide the nec-

essary spatial and angular resolutions. The DsTau de-

tector, based on the nuclear emulsion technique, con-

sists of tungsten/molybdenum plates inter-spaced with

nuclear emulsion films and plastic spacers. Tungsten

and molybdenum (used only in Physics runs 2021-2023)

have been chosen as a target as they are used for neu-

trino beam generation at accelerators (i.e. in case of

DONuT and SHiP experiments). In a DsTau module,

the tungsten or molybdenum plates act as a target for

beam protons; emulsion films separated by plastic spac-

ers that act as a decay volume and a high-accuracy

tracking device. The nuclear emulsion films consist of

70-µm thick emulsion layers on both sides of a 210–µm

thick plastic base. A schematic view of one module and

one unit used in the 2018 run is shown in Figure 1.

In each unit, there is a 500 µm tungsten plate followed

by 10 nuclear emulsion films interleaved with 9 plastic

spacers. This unit structure is repeated 10 times in a

module that is 12.5 cm wide, 10 cm high, and 4.8 mm

thick. Additionally, there are five emulsion films with

plastic spacers placed upstream to tag beam protons.

The purity of tungsten plates is greater than 99.95%,

as measured by Goodfellow Cambridge Ltd. An Emul-

sion Cloud Chamber, comprising 26 emulsion films in-

terleaved with 1 mm thick lead plates, is placed down-

stream of the module to reconstruct secondary particle

momentum by measuring multiple Coulomb scattering.

Modern use of nuclear emulsion is based on impres-

sive progress in the scanning technique achieved during

the last two decades thanks to the pioneering works by

Nagoya University group [13, 14] and the further de-

velopment in the frame of the OPERA experiment [8].

At present, the most advanced scanning system called

the Hyper Track Selector, HTS [15], reads out track

information from two layers of the emulsion film at

an average speed of 1000 cm2/h at the DsTau. The

HTS captures 22 tomographic images at equally spaced

depths of the emulsion layer. These images are then dig-

itized, and an image processor produces binary images

that separate silver grains recorded by a penetrating

track from the background. The online scanning pro-

gram provides the positions and angles of the detected

micro-tracks, which are a chain of aligned clusters in

one emulsion layer. The base-tracks are obtained by

linking two micro-tracks within the angle and position

tolerances across the plastic base. The base-track recon-

struction efficiency is measured to be greater than 90%

for tracks with an angle of less than 0.4 radians with

respect to the direction perpendicular to the emulsion

surface. The efficiency gradually decreases by a few per-

centage points towards the downstream part of the de-

tector as the track density increases, but it is still high

enough to reconstruct tracks across multiple emulsion

films with an efficiency greater than 99%.

The CERN Super Proton Synchrotron provides a

beam of protons with a momentum of 400 GeV/c. In

2016 and 2017, test beam studies were carried out to

evaluate and characterize the detector concept. In 2018,

a pilot run was conducted to demonstrate the detection

of proton interactions in a high track density environ-

ment and to record 10% of the planned experimental

data. During the pilot run, 30 modules were exposed

to the proton beam at the H4 beam line. Each emul-

sion module was mounted on a motorized X-Y stage,

called the target mover [16], which allowed synchro-

nized movement of the module with respect to the pro-

ton spills. This setup ensured uniform irradiation of the

detector surface with a density of 105 tracks/cm2. The

emulsion scanning of the 2018 run films has been com-

pleted, and the analysis of the collected data is ongoing.

For the present measurement, we report the analysis re-

sults of a sub-data sample from the 2018 run [1].
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Fig. 1 Schematic view of a module used in the 2018 run.

3 Analysis

After the scanning by the HTS, the emulsion data is

processed by the DsTau software to reconstruct tracks

and vertices. To process the data efficiently, each mod-

ule is divided into 8 overlapping volumes along the lon-

gitudinal direction. Each volume contains three tung-

sten plates and 30 emulsion films, with the first sub-

volume including an additional five emulsion plates.

Furthermore, each volume is divided into 63 sub-volumes

along the transverse plane, with each sub-volume hav-

ing a size of 1.5 cm × 1.5 cm × 30-35 emulsion films.

After base-track reconstruction, film-to-film alignment

is performed by applying base-track pattern matching.

To define a global reference system, a set of affine trans-

formations has to be computed to account for the dif-

ferent reference frames used for data taken in differ-

ent emulsion films. Once all emulsion films are aligned,

base-tracks are connected film by film according to an-

gular and position acceptance to form so-called volume

tracks. The track finding and fitting consider possi-

ble inefficiencies in the base-track reconstruction. Fur-

ther alignment between films (a scale factor, a rotation,

transverse position shifts, and a gap) is obtained by us-

ing tracks, reconstructed in each sub-volume. In partic-

ular, for the transverse position alignment, the 400-GeV

proton beam track, supposed to be most straight, is se-

lectively used. After completing the track-reconstruction

step, vertexing algorithms are applied to identify the

proton interactions. Tracks containing at least four base-

tracks are used for vertexing. The algorithm uses the

points of the closest approach of the multiple tracks to

determine the vertex’s position with high accuracy. To

ensure high purity in the vertex reconstruction, vertices

with more than four tracks are used for further analy-

sis. The beam protons in the module are selected based

on the track angle, obtained by fitting base-tracks in

the first 5 emulsion films to a straight line. The proton

angular distribution is presented in Figure 2 with a

Gaussian fit. If the track angle falls within 4σ of the

measured mean beam angle, it is identified as a beam

proton and subsequently followed down through the

module in a process referred to as proton-linking [17].

The purity of beam proton selection is estimated to be

> 96% from the MC simulation. Following the linking

process, the number of beam protons traversing each

tungsten plate is estimated, as shown in Table 1. The

beam proton track is subsequently linked to the re-

constructed vertices through a method called proton-

vertex linking. A vertex is identified as a proton in-

teraction vertex if its parent matches in both angle

and position with one of the beam protons selected

in proton-linking step. This procedure eliminates con-

tamination from secondary particle interactions, which

progressively increases with depth in the module. Con-

sequently, the track density rises from about 105 to

4.5 × 105 tracks/cm2 along the longitudinal direction.

Despite this high track density, proton interaction ver-

tices can be fully reconstructed within the module, with

several examples illustrated in Figure 3. For the present

analysis, a sample of 95,314 events that have a recon-

structed beam-proton and its interaction vertex in the

tungsten plate is used from a single module of the 2018

run (Table 1). To ensure high efficiency and purity in

track and vertex reconstruction, the data related to in-

teractions in the last two tungsten plates are not in-

cluded.

3.1 Efficiency evaluation

The efficiency of vertex reconstruction and proton- link-

ing is evaluated through a detailed simulation of the de-
tector response using a program based on the GEANT4.11

toolkit [18]. The simulated geometry is set as for the

2018 pilot run setup. About 2×106 proton interactions

are generated using EPOS [19], PYTHIA8 [20], QGSJET

[21], DPMJET [22] and GEANT 4.11 generators, con-

sidering the realistic beam proton density in a mod-

ule. The generated output is then transported through

the module with GEANT4.11, and HTS tracking al-

gorithms are utilized. Data-driven smearing in coordi-

nates and direction of the base-tracks has been applied

to reproduce the effect of measurement accuracy. Sub-

sequently, the reconstruction algorithm, identical to the

one used for data, is applied to MC samples to recon-

struct particle tracks and vertices. The vertex position

resolution is determined by comparing the true vertex

position with the reconstructed one using MC. A ver-

tex is considered correctly reconstructed if it is found

within the 4-sigma of vertex resolutions in the trans-

verse plane and the z-direction of the true vertex posi-

tion as shown in Figure 4. The position resolution leads
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Fig. 2 Distribution of proton track angle, in XZ and YZ
planes, with a Gaussian fit.

Fig. 3 The reconstructed proton interactions in the area of
1 cm2 in the full module of the 2018 run (only a few of them
are shown for the visibility).

to the mis-reconstruction of vertex positions; some pro-

ton interactions in the emulsion (tungsten) are inac-

curately reconstructed within the tungsten (emulsion).

Furthermore, the thickness of the tungsten plates varies

from one plate to another. To mitigate these effects a

cut of 18 µm (equivalent to 4-sigma of the vertex reso-

lutions) is applied to the vertex positions on both sides

of the tungsten plate, as demonstrated in Figure 5. The

efficiency of this geometrical criteria is evaluated to be

92.8±0.2%. Furthermore, a final correction for the coor-

dinate system of the tungsten plate must be made due

to the difference in refractive index between the emul-

sion and the plastic base. The coordinate system along

the beam direction is multiplied by a factor of 1.052 ±
0.002 [23]. After applying this correction, the effective

thickness of the tungsten plate is determined to be 489

±1 µm. For MC events, this correction is not applied,

and the thickness is taken to be 464 µm.

Table 1 The number of the reconstructed beam-proton in-
teraction vertices (N) in each tungsten plate within 489±1
µm-thick, number of beam-protons (N0) entering to tungsten
plates of the module and ratio( N

N0
).

Tungsten
Plate N N0

N
N0

(%)

1 13,586 3,310,658 0.41
2 13,390 3,292,677 0.41
3 12,653 3,256,746 0.39
4 12,256 3,214,141 0.38
5 11,745 3,157,020 0.37
6 11,264 3,082,105 0.36
7 10,645 2,996,099 0.35
8 9,775 2,892,348 0.34

Total 95,314 25,201,794 0.38

The efficiency estimation was performed using the

EPOS event generator, which gives the best represen-

tation of the data distributions discussed in Section

3.2 among the five event generators evaluated. From

MC simulation, it was observed that the efficiencies de-

pend on the track density in the module. Although the

track density in the MC simulation does not fully rep-

resent the density observed in the data across all an-

gular spaces, as shown in Figure 6 (solid circles), there

is a good agreement in track density within the an-
gular space of the beam protons as indicated by the

solid squares in Figure 6. There is an excess of large-

angle tracks, possibly resulting from secondary inter-

actions or electron-positron pair production, which are

not accurately modeled in the MC generator. The effi-

ciencies of proton linking and proton-vertex linking are

primarily influenced by the track density of beam pro-

tons (tanθ <0.030). In contrast, vertex reconstruction

is affected by the density of all tracks (0<tanθ <0.4)

within the volume. Consequently, the track density of

beam protons is employed to estimate linking efficien-

cies, while the overall track density across the entire

angular space is used to evaluate vertex reconstruction

efficiency. The efficiencies are parameterized as a linear

function of track density, and the actual track density

from the data is subsequently used to estimate the effi-

ciency for each tungsten plate. The results of these es-

timations are presented in Table 2. The proton-linking

efficiency is more than 90% and almost constant along

the longitudinal direction. The vertex reconstruction ef-
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Fig. 4 Difference between the true and reconstructed vertex
positions in X, Y, and Z, listed from top to bottom. The mean
and standard deviation values from the Gaussian fit are used
to estimate vertexing efficiency.

ficiency, which is approximately 80%, depends on the

multiplicity of the charged particles as shown Figure

7. It increases with multiplicity up to 12, after which it

reaches a plateau at approximately 95%. Since a min-

imum of five tracks is required for the vertex recon-

struction, the hadronization modeling implemented in

the event generator may effect multiplicity distribution

and, consequently, the efficiency of vertex reconstruc-

Fig. 5 The measured vertex positions in a tungsten plate
and neighboring emulsion plates along the longitudinal di-
rection. Vertices within 4-sigma of vertex position resolution
(red line), vertices outside the 4-sigma range (blue line).
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Fig. 6 Density of reconstructed tracks as a function of
passing through tungsten plates of the 2018 run. Solid cir-
cles denote the density in all angular space (0<tanθ <0.4),
while solid squares represent density of beam protons (with
tanθ <0.03). The tack densities are normalized to 105

tracks/cm2 at the first tungsten plate.

tion. The systematic error associated with this bias was

calculated 2.5% by comparing the fraction of events

with a multiplicity of greater than four among EPOS,

DPMJET, and PYTHIA.
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 Multiplicity
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0.6
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1

ε 

Fig. 7 Vertex reconstruction efficiency as a function of the
reconstructed multiplicity of charged tracks at the vertex,
obtained with EPOS MC.
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Table 2 Vertex reconstruction(ϵv), Proton-Linking (ϵp) and
Proton-Vertex linking(ϵpv) efficiencies calculated using EPOS
and realistic track density(ρ) in each tungsten plate of a mod-
ule.

Tungsten
Plate ϵv (%) ϵp (%) ϵpv (%)

1 81.8 ± 2.5 93.7 ± 0.1 100.0 ± 0.1
2 81.4 ± 2.5 93.5 ± 0.1 100.0 ± 0.1
3 81.0 ± 2.5 93.2 ± 0.1 99.2 ± 0.1
4 80.6 ± 2.5 92.9 ± 0.1 98.2 ± 0.1
5 80.1 ± 2.5 92.6 ± 0.1 96.9 ± 0.1
6 79.6 ± 2.5 92.3 ± 0.1 95.7 ± 0.1
7 79.0 ± 2.5 92.0 ± 0.1 94.1 ± 0.1
8 78.4 ± 2.5 91.6 ± 0.1 92.2 ± 0.1

Mean 80.3 ± 2.5 92.7 ± 0.1 97.0 ± 0.1

3.2 Data-MC comparisons

The experimental data are compared with MC predic-

tions in terms of multiplicity, particle angle, and impact

parameter, as shown in Figures 8, 9, and 10, re-

spectively. Among the event generators, EPOS demon-

strates the closest overall agreement with the exper-

imental data. However, discrepancies are observed in

track angles between the experimental data and all MC

generator predictions. This discrepancy is further inves-

tigated to determine whether it arises from inefficien-

cies in track reconstruction or from underlying physics

processes in the MC event generators. Figures 11, 12,

and 13 show the particle slope versus track multiplicity

distribution for both data and MC predictions (EPOS
and QGSJET). The data and EPOS predictions exhibit

a similar trend of increasing charged particle angles

with multiplicity. This trend can be attributed to the

constant transverse momentum (PT ) characteristic of

hadron interactions, where the average transverse mo-

mentum of a jet remains nearly constant during the

hadronization process [24]. In contrast, the QGSJET

predictions do not follow the same trend as the data

and EPOS results. To further investigate the discrep-

ancies between the data and MC predictions in track

angles, the data sample is divided into low-multiplicity

and high-multiplicity events. Figures 14 and 15 com-

pare the angles of secondary tracks between the data

and MC for vertices with track multiplicities less than

10 and 10 or more, respectively. The agreement between

the data and MC simulations is good for all event gener-

ators in low multiplicity vertices. However, in high mul-

tiplicity events, the agreement between MC and data

deteriorates, although it remains satisfactory up to 200

mrad, with the exception of QGSJET.
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Fig. 8 MC/Data comparison of track multiplicity, normal-
ized to the number of events in data.

0 0.05 0.1 0.15 0.2 0.25 0.3
0

20

40

60

80

100

120

140

160
310×

Data
EPOS
Geant4
Pythia
DPMJET
QGSJET

0 0.05 0.1 0.15 0.2 0.25 0.3
θTan 

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

M
C

 / 
D

at
a

Fig. 9 MC/Data comparison of angular distribution of in-
teraction daughters, normalized to the number of tracks in
data.

3.3 The validity of KNO-G scaling

The scaling behavior provides insights into the underly-

ing dynamics of particle production and can help con-

strain theoretical models and understand the nature

of particle interactions at high energies. Koba-Nielsen-

Olesen (KNO) scaling [25] was formulated for the asymp-

totic energies, at a finite energy range, however, its for-

mulation is not self-consistent. Later, it was reformu-

lated by Golokhvastov to make it self-consistent at all
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Fig. 10 MC/Data comparison of impact parameter of the
particle tracks to interaction vertex, normalized to the num-
ber of tracks in data.
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Fig. 11 Track slope vs multiplicity distribution in Data.
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Fig. 12 Track slope vs multiplicity distribution in EPOS
.

energies [26]. In the past, the validity of the KNO and

KNO-G scalings was tested in various high-energy ex-

periments with different beams and energies [27–32].

In general, KNO-G scaling has been found to hold with

reasonable accuracy, typically within a range of about

5-10%. We have also analyzed our data to look for
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Fig. 13 Track slope vs multiplicity distribution in QGSJET.

their scaling behavior. The KNO-G scaling predictions

are tested by fitting the following scaling function [32],

which depends on the scaled multiplicity z = ns

<ns>
(ns

is the multiplicity of charged particles).

Ψ(z) = a1z
a3e−a2z

2

(1)

The mean multiplicity< ns > was calculated taken into

account the effect of ns < 5. The correction factor was

estimated as 0.95±0.02 by comparing mean values of

multiplicity distributions from true MC with and with-

out ns < 5 selection. The fit was done over the range

0.5 < z < 3.0 where the multiplicity is measured with

high efficiency, as shown in Figure 16. The fit values

are presented in Table 3 for comparison with the values

in [32], which did not report errors in the fit param-

eters. The fit has a χ2 value of 65.1 with 32 degrees

of freedom. Our multiplicity distribution is found to be

nearly consistent with the KNO-G scaling predictions.

Table 3 The obtained KNO-G fit parameters and those re-
ported in [32].

Ψ Our fit [32]

a1 1.15±0.01 1.19
a2 0.45±0.01 0.62
a3 0.67±0.02 0.66

3.4 Measurement of proton interaction length

To determine the interaction length of protons in tung-

sten, the number of reconstructed beam protons enter-

ing the tungsten plate and their interaction vertices in

tungsten were used. For each tungsten plate, interaction

length is calculated using

λ = − L

ln(1− N ′

N ′
0
)

(2)

where L is the measured thickness of the tungsten plate,

N ′ and N ′
0 are the number of proton interactions in the
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Fig. 14 MC/Data comparison of track angle for multiplicity
less than 10.

Fig. 15 MC/Data comparison of track slope for multiplicity
greater than or equal to 10.

tungsten plate, and the number of beam protons enter-

ing the tungsten plate which are corrected by efficien-

cies of Table 2. The value of L is 489±1 µm (464 µm)

for Data (MC). The measured mean interaction length

in tungsten is 93.7 ± 2.6 mm, which is in good agree-

ment with the EPOS prediction of 95.8 ± 2.8 mm. The

interaction lengths across all tungsten plates for both

the data and EPOS are nearly constant, as presented

in Table 4.

Entries  122370
Mean    1.243
Std Dev    0.5945

 / ndf 2χ   65.1 / 32

0 0.5 1 1.5 2 2.5 3
z

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1(z
)

Ψ  / ndf 2χ   65.1 / 32
Data Histogram

)1ΨKNO-G Scaling (

Fig. 16 KNO-G fits on the scaled multiplicity.

Table 4 Estimated proton interaction length in tungsten
for Data and EPOS. The statistical uncertainty is negligi-
ble when compared to the systematic error which is caused
by uncertainties in the vertexing efficiency.

Sub-volume Data(mm) EPOS(mm)

1 91.0 ± 2.5 95.2 ± 2.7
2 90.8 ± 2.5 95.5 ± 2.8
3 93.7 ± 2.6 95.3 ± 2.8
4 93.9 ± 2.7 95.5 ± 2.8
5 94.5 ± 2.7 94.8 ± 2.8
6 94.4 ± 2.7 95.0 ± 2.8
7 94.7 ± 2.8 98.1 ± 3.1
8 96.8 ± 3.0 97.0 ± 3.1

Mean 93.7 ± 2.6 95.8 ± 2.8

4 Conclusion

The analysis results of the 2018 run demonstrate that

precise tracking and vertexing can be successfully achieved

even in high track density environments. This perfor-

mance is essential for detecting charmed hadrons and

accurately determining the tau neutrino flux. Using a

sub-sample of the 2018 run, we present first results on

key distributions, along with comparisons between our

data and the predictions from various event generators.

In general, EPOS predictions align closely with our data

across all distributions, with the exception of secondary

particle slopes. It is observed that the track angle shows

a dependence on multiplicity in both data and MC.

The agreement between MC and data in particle an-

gle is within 10% for low multiplicity (<10) events, but

it deteriorates to 20-30% for high multiplicity events.

Our multiplicity distribution is tested for KNO-G scal-

ing and is found to be nearly consistent. We also report

the first measurement of the proton interaction length

in tungsten, which is determined to be 93.7 ± 2.6 mm.

The results presented in this study have been obtained

primarily to assist in refining proton-nucleus interaction

models used in MC event generators.
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